ABSTRACT Current echocardiographic methods for quantitating abnormal regional left ventricular wall motion rely primarily on changes in endocardial excusion from end-diastole to end-systole. Recent studies demonstrating important spatial and temporal heterogeneity in wall motion within ischemic regions, however, raise questions about the validity of this approach. To determine the optimal method for defining abnormal left ventricular wall motion, we used a canine preparation of acute experimental infarction to examine four quantitative methods of wall motion analysis. The circumferential extent of abnormal wall motion assessed by each method was compared with the circumferential extent of infarction (defined by triphenyltetrazolium chloride staining) and the circumferential extent of reduced transmural blood flow (determined by radiolabeled microsphere techniques) 6 hr after acute coronary occlusion. The following methods of quantitating abnormal wall motion were examined: (I) determination of end-diastolic to end-systolic endocardial excursion (less than 0.20 end-diastolic radius), (2) determination of the extent of maximal dyskinesis (systolic bulging), and (3) and (4) two derived correlation methods that consider the entire course of systolic radial motion by correlating the observed echocardiographic field-by-field (every 16.7 msec) motion of each of 36 evenly spaced endocardial targets with the course of normal motion established from pooled normal data. Results obtained with the correlation methods showed a better correlation with the triphenyltetrazolium chloride-defined circumferential extent of infarction (r = .87 and r = .78) than did determinations of reduced enddiastolic to end-systolic endocardial excursion (r = .35) or the extent of maximal dyskinesis (r = .37). Similarly, the best correlation with the extent of reduced flow was obtained with one of the correlation methods (r = .80). We conclude that correlation methods that "integrate" endocardial motion over the entire systolic contraction sequence provide better definition of ischemic left ventricular dysfunction than do methods that consider motion at only single points in time. 
cardial excursion between normal and infarcted myocardium have been noted, there is considerable overlap and no single value of systolic excursion has been identified as a cutoff to allow discrimination between the normal and abnormal.8 Furthermore, more recent studies have demonstrated important temporal heterogeneity in the abnormal wall motion occurring within ischemic regions, with maximal dyskinesis typically occurring one-third to one-half of the way through systole.9 Thus, if one considers only end-diastole and end-systole, important abnormalities in wall motion may be missed. These studies raise questions about the validity of approaches to wall motion analysis based on determination of end-systolic to end-diatolic excursion and suggest that examination of the time at which maximal dyskinesis occurs may provide a more reliable means of quantitating abnormal wall motion. Even if this is not the case, it seems reasonable that in any analysis of regional dysfunction, the maximal cotnponent of the abnornality should, in some way, be considered. The fact that the human eye visually integrates motion throughout systole suggests that an analogous quantitative approach that also considers motion at all points in the systolic contraction sequence might provide a more effective means of delineating ischemia-induced wall motion abnormalities should determination of motion at individual arbitrarily defined temporal points fail to do so.
The purpose of this study, therefore, was twofold: (1) to develop a method of quantitative analysis of radial wall motion that integrates both the spatial and temporal variations in regional wall motion, and (2) to compare this integrative method with two quantitative approaches to wall motion analysis based on single points in systole (end-systole and the point of maximal dyskinesis) as a means of correlating abnormal wall motion with the histochemical extent of infarction and the extent of reduced blood flow.
Material and methods
Animal preparation. Studies were performed on nine mongrel dogs with a mean weight of 18.4 kg (range 16 to 22). A closed-chest preparation in which echocardiographic imaging was facilitated by partial rib resection and creation of a pericardial cradle was used. In this preparation, a silk snare with a Teflon occluder was placed around either the left anterior deseending coronary artery (four dogs) or left circumflex coronary artery (five dogs) and a silicone rubber catheter was placed in the left atrium. Both the snare and catheter were tunneled under the skin of each dogto a pouch at the nape of the neck. To permit precise alignment of the imaging planes during subsequent echocardiographic studies, epicardial markers made from acrylic-coated metal spheres (3 mm diameter) were sutured in place at 2 cm intervals along the anterior, lateral, and posterior walls of the left ventricle. The thorax was then closed and the pneumothorax evacuated.
Forty-eight to ninety-six hours later, dogs were reanesthetized, intubated, and ventilated with oxygen-supplemented air, the amount of oxygen being adjusted according to arterial blood gas measurements. The anesthetic agent used was a-chloralose (60 mglkg) in the circumflex series and sodium pentobarbital (30 mg/kg) in the left anterior descending series. A femoral arterial line was placed for monitoring blood pressure and for arterial blood sampling. Control echocardiographic images were recorded to ensure that no obvious wall motion abnormalities had been induced in preparing the dogs and radiolabeled microspheres were injected for determination of control perfusion. The preplaced coronary snare was then tightened to achieve permanent coronary arterial occlusion. Six hours later echocardiographic examination and injection of radiolabeled microsphere were repeated and the dogs were killed by pentobarbital overdose.
Data acquisition
Echocardiography. Cross-sectional echocardiographic studies were obtained with an ATL Mark III mechanical sector scanner with a 3.5 or 5 MHz transducer and were stored for subsequent analysis on 1/2 inch videotape (60 fields/sec). A midpapillary muscle short-axis view was used (figure 1). To assure comparability between the "slice" of the heart imaged echocardiographically and that subsequently used to obtain pathologic and flow data, the echocardiographic imaging plane was aligned to include three equiplanar epicardial beads. As described below, the same beads were used to guide postmortem sectioning of the heart. Infarct definition. At the termination of the experiment, the hearts were excised in toto and the coronary ligature removed. The left coronary artery was cannulated with a Gray cannula and perfused with approximately 300 ml triphenyltetrazolium chloride (TTC) solution (2,3,5-triphenyltetrazolium chloride, 5 gl 250 ml normal saline) at a pressure of approximately 85 mm Hg. The right coronary artery was subsequently perfused in similar fashion with 200 ml TTC. The left ventricular cavity was then packed with gauze and the heart frozen to facilitate sectioning.
The great vessels and atria were trimmed and the heart was cut into 2 cm transverse sections with the use of the three rows of beads to define the sectioning planes. Thus, one of the pathologic slices obtained corresponded to the plane in which the echocardiographic beam transected the ventricle. After formalin fixation slices were photographed and the extent of infarction was determined by planimetry of the color photographs. The area of infarction was defined as that region that was not stained by TTC.°0
Radiolabeled microsphere perfusion assessment. The technique of regional blood flow measurement with radiolabeled microspheres is well established." In this protocol, measurements in the control period and 6 hr after occlusion were carried out with 8 to 10,tn microspheres labeled with 125j, 1""Ce, 51Cr, 85Sr, 95Nb, or "6Sc. For each measurement 3 to 5 million microspheres suspended in Tween 80 were mechanically agitated and injected via the preplaced left atrial catheter. The catheter was then flushed with 5 ml saline. Blood for reference flow was withdrawn through the femoral arterial line at a rate of 2.0 ml! min.
The formalin-fixed slice that corresponded to the echocardiographic imaging plane was subsequently cut for counting (figure 2). Guided by the results of TTC staining, regions that contained grossly homogeneous infarcted tissue were identified. The 30 degree segments on either side of the infarcted region were considered border zones and the remainder of the slice was considered riormal. Within each zone, wedges weighing approximately 2 g each were sectioned and subsequently divided into endocardial and epicardial portions. This method resulted 114 CIRCULATION one to two fields of the peak of the R wave of the QRS complex noted on the simultaneously recorded electrocardiogram. Similarly, end-systole was defined as the smallest endocardial area, which generally corresponded to the end of the T wave. The endocardial center of area for each field was calculated and, if necessary, the endocardial outline was rotated until the 0 reference (midpoint between the papillary muscles) occupied the 3 o'clock position. The average center of area for all digitized fields was computed and the fields were superimposed with the use of this average center.
Motion of endocardial targets along rays drawn at 10 degree increments around the circumference of the ventricle was then examined. The circumferential extent of abnormal wall motion in the 6 hr study was quantitated by four methods.
The first method considered only the two end points of systolic motion: end-diastole and end-systole ( figure 3, A) . Motion along a given ray was considered abnormal if the end-diastolic to end-systolic radial change was less than 0.20 of the end- was then selected because it, unlike 0.25, did not identify any rays as being abnormal in the control period. The number of rays demonstrating abnormal motion thus defined was calculated and expressed as a portion of the circumference.
The second method considered the number of rays that demonstrated outward bulging or dyskinesis at that point (echocardiographic field) in systole at which the extent and absolute magnitude of dyskinesis was greatest ( figure 3, B) . This typically occurred one-third to one-half of the way through systole. The number of rays moving outward, again expressed as a percent of the total circumference, yielded a second quantitative estimate of the extent of abnormal wall motion.
The third and fourth methods were based on a derived method 
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FIGURE 3. Methods of quantitating abnormal wall motion. A, Reduced systolic endocardial excursion. The radial excursion of each of 36 evenly spaced endocardial targets from end-diastole (solid circle) to end-systole (slashed circle) was considered abnormal if it was less than 0.20 of end-diastolic radius. The 0 reference was defined as the midpoint between the papillary muscles. B, Extent of maximal dyskinesis. The number of endocardial targets that demonstrated outward bulging (dyskinesis) at that systolic point (echocardiographic field) where the extent and absolute magnitude of dyskinesis was greatest was determined. Solid circle = end-diastolic endocardial outline; slashed circle = endocardial outline at the point of maximal dyskinesis (typically onethird to one-half of the way through systole). Rays located between 320 and 10 degrees are dyskinetic. of analysis that integrates the entire course of systolic radial motion. This is accomplished by correlating, for each of the 36 evenly spaced rays, the course of motion of the endocardial target along that ray to the course of normal motion. The course of normal motion is derived by averaging the systolic motion of endocardial targets taken along all 36 radii in a group of normal hearts. The pooled normal data used in the derivation of this analysis was derived from the analysis of wall motion of six anesthetized closed-chest animals (prepared as described above). Two independent observers each digitized three systolic sequences from each animal, yielding a total of 36 contraction sequences (720 fields) for analysis.
This correlation process is, in fact, a simple one: for a given ray the observed fractional radial change (end-diastolic radius 116 -observed radius)/end-diastolic radius measured at sequential times in systole [every 16.7 msecl) is plotted against the pooled normal value at comparable times. By the least squares linear regression technique a line is then fitted to the data points and the correlation coefficient is calculated. This process is illustrated in figure 4 , where three hypothetical situations are considered. For the first (motion along a normal ray), at all points through systole the fractional radial change along that radius is as obtained from pooled normal data. Hence, there is a perfect linear fit and the correlation coefficient is 1. The opposite situation, in which there is progressive outward rather than inward motion, is also depicted. Although a straight line can again be fitted to these data points the correlation coefficient (r) is now -ve 1. The real situation in infarcted portions of the ventricle is more accurately represented by the third set of data points. In this case, there is maximal outward motion early in systole with a tendency to inward motion as systole proceeds. Although a line can be fitted to these points, the fit is poor and the correlation coefficient is low -in the example illustrated -ve 0.4. In general, therefore, the correlation coefficient derived for each ray simply reflects how much the motion along that ray resembles composite normal ray motion. A value of 1.0 indicates normal motion; a value of 0 implies either random or no motion and a negative value (approaching -ve 1.0) indicates motion in the direction opposite normal.
As the next step in this analysis, the correlation coefficients ing sequentially around the circumference of the ventricle. This is illustrated in figure 5 , where the y axis in each plot represents the correlation coefficient and the x axis the ray position from 0 to 360 degrees. The upper plot (figure 5, A) contains data from the control period in one of the study dogs: motion around the circumference is uniformly similar to composite normal ray motion and the correlation coefficients for all rays are near unity, in this situation 0.95. After coronary occlusion, however, plots such as the ones in figure 5 , B and C are obtained. As previously, the correlation coefficients for the normal rays (in this example 0 to 210 degrees) are near unity. When the infarcted portion of the ventricle (210 to 340 degrees) is approached, however, there is an abrupt decrease in correlation coefficient with values, as in this case, generally becoming negative.
To define the circumferential extent of abnormal wall motion by the correlation plots we used two methods. As illustrated in figure 5 , B, we first used the statistically defined 95% confidence limits for the correlation coefficients of the baseline normal radii. Radii for which correlation coefficients fell outside these limits were considered abnormal and the circumferential extent of abnormal wall motion thus defined was then calculated. The second approach was a more empiric one based on the observation that echocardiographic estimates of abnormal wall motion tend to overestimate the circumferential extent of infarction. We therefore selected the full width of the correlation plot at half the maximum deflection from baseline ("full width at half max") and again calculated the circumferential extent of the ventricle demonstrating such abnormal wall motion. This is illustrated in figure 5 , C.
Thus, four quantitative methods for estimating the circumferential extent of abnormal wall motion were derived. Two were based on individual points in systole, and two considered motion at all points in systole through derived correlation plots.
Histochemical extent of infarction. For ease of comparison with microsphere perfusion and echocardiographic wall motion data, the transmural extent of TTC-defined infarction was calculated for each of 36 10 degree segments around the circumference of the ventricle. The circumferential extent of infarction was defined as Number of degrees with any TTC evidence of infarction 360 degrees Regional perfusion. Transmural flow for radial segments was derived by a computer-aided method that, using the endocardial center of mass as a centroid, calculates transmural flow at 5 degree increments around the circumference of the ventricle through an area weighting of the raw microsphere-derived flows. Absolute flows were then normalized to flows obtained in the "nonjeopardized" portion of the ventricle; for each dog in which the left anterior descending artery was occluded a 50 degree segment in the posterior wall was selected and for those in the circumflex series a similar-sized segment in the anterior wall was selected. the four previously described methods, and the circumferential extent of TTC-defined infarction was examined in two ways. The first consisted of individual least squares linear regression analyses in which TTC-defined infarction was considered the independent variable and the extent of abnormal wall motion the dependent variable. Slope, intercept, and correlation coefficients were calculated in standard fashion and compared. The second method was a stepwise multiple regression (BMDP-P2R) in which the independent variables were the measures of the extent of abnormal wall motion and the dependent variable was the histochemical extent of infarction. F values for each method of quantitating abnormal motion compared with the TTC-defined extent of infarction were calculated and the meth- Step II of the correlation analysis. Correlation coefficients for individual rays (y axis) plotted against ray location (x axis). (See text for full explanation.) A, Control study. B, Postinfarct study. The 95% confidence limits of the correlation coefficients of the normal radii (0 to 210 degrees) have been drawn in. Radii for which correlation coefficients fall outside these limits are considered abnormal and used to define the circumferential extent of abnormal wall motion. C, Postinfarct study. The full width of the correlation plot at one-half the maximum deflection from baseline was determined. Radii falling within these limits were considered abnormal.
od that best allowed the prediction of the extent of infarction was identified. The remaining variables were then examined to see whether any were of additional predictive value.
The relationship between extent of abnormal wall motion and extent of reduced flow was analyzed by similar methods.
Interobserver and intraobserver error estimates. Expected errors in fractional excursions (FE) measured from twodimensional echocardiograms with average-centroid translation correction were estimated. To obtain these estimates, three cycles from each of six animals were digitized by two different echocardiographers (raters) at each of two independent times. A total of 720 frames were digitized and FEs between frames were measured along 72 radii. These data were input to the BMDP Statistical Software'2 running on a VAX 11/780 computer and all subsequent analyses were performed with the use of BMDP programs (BMDP8V).
Expressing FE as percentage excursion (PE), the components of variance of PE estimated for this model by P8V were as follows: animals 177, cycles 10.6, reps (raters and times) 14 
Results
Hemodynamics. In the control state, heart rates ranged from 80 to 140 beats/min (mean 113) and mean blood pressure ranged from 90 to 110 mm Hg (mean 98). Six hours after occlusion heart rates ranged from 90 to 150 beats/min (mean 120) and mean blood pressure was 90 to 110 mm Hg (mean 93). Neither parameter differed significantly from the control to the study periods.
TTC-defined circumferential extent of infarction. Data for the circumferential extent of TTC-defined infarction are listed in table 1. Values ranged from 0.25 to 0.58 (mean 0.35).
Radiolabeled microsphere perfusion assessment. In the control period no significant regional differences in blood flow were noted. Normalized flows in risk areas (regions demonstrating postocclusion infarction) were 0.93 to 1.10 (mean 1.02). The circumferential extent of reduction of flow (normalized flow < 0.75) in the 6 hr postocclusion study is tabulated in table 1.
Echocardiographically defined extent of abnormal wall motion. The circumferential extent of abnormal wall motion as assessed with each of the four previously described methods is also tabulated in table 1. With the use of the correlation analysis with 95% confidence Circumferential extent of abnormal wall motion vs TTCdefined extent of infarction. Plots of the circumferential extent of abnormal wall motion and the TTC-defined extent of infarction are presented in figure 6 . As noted, the correlation between TTC-defined infarction and results obtained with both correlation methods of wall motion analysis was good (r = .87 and .78 for the 95% confidence limits and full width at half max methods, respectively). In contrast, the circumferential extent of abnormal wall motion derived from either end-diastolic to end-systolic radial change of less than 0.20 enddiastolic radius or the extent of dyskinesis at maximal dyskinesis correlated poorly with TTC-defined extent of infarction (r = .35 and .37, respectively; p = NS).
Stepwise multiple regression analysis revealed the extent of abnormal wall motion defined by the correlation method with 95% confidence limits analysis to be the single best predictor of the extent of infarction (F = 19.21). The correlation method full width at half max modification could also be used as a predictor of the extent of infarction (F = 10.23). However, the ability to predict the extent of infarction was not im- were also weak predictors of the extent of reduced flow. As had been demonstrated with the analysis of histochemical extent of infarction, additional predictive power could not be gained by considering any measure of abnormal wall motion in addition to the correlation method with 95% confidence limits analysis.
The results of the statistical analyses are summarized in table 2.
Discussion
In this report we have described the derivation of a new echocardiographic method for integrating the temporal components of left ventricular contraction and have discussed the way in which this method may be used to delineate infarcted and noninfarcted myocardium. We have further demonstrated its'apparent superiority to measurement of either reduced end-diastolic to end-systolic radial excursion or the maximal radial extent of dyskinesis as a means of correlating abnormal wall motion with either the histochemical extent of infarction or the extent of abnormal blood flow.
Correlation methods for defining abnormal wall motion. Correlation -95% CL limits; Correlation -FW correlation analysis correlation analysis 95% confidence full width at half max; ED-ES <0.20 = end-diastolic to end-systolic excursion <0.20 end-diastolic radius; Max dyskinesis = extent of dyskinesis at maximal dyskinesis; NBF <0.75 = normalized blood flow <0.75.
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The correlation approach to wall motion analysis was first used by Harris et al. '3 in 1973 to quantitatively assess left ventricular cineangiograms. As we have modified it for application to the echocardiographic study of radial wall motion, it is most easily understood as a two-step process.
First, the motion of each of 36 equally spaced endocardial targets is compared with normal composite motion with the use of standard linear regression techniques. Although this yields a correlation coefficient and slope for each ray, attention was focused exclusively on the correlation coefficients rather than slope (for reasons discussed below). It is useful, however, to understand that these two parameters give complimentary information. The correlation coefficient simply describes how well observed motion can be predicted from composite normal motion. In practice, normal radii have correlation coefficients of from .90 to .99, the minor deviations from unity being attributable to the spatial and temporal heterogeneity of normal contraction sequences. Since the linear approximation of the motion of infarcted segments is poor, their correlation coefficients are low and frequently negative. That infarct-induced dyskinesis is not a phenomenon that progresses to reach its maximum at end-systole is reflected in the fact that, even in the most abnormal segments, the correlation coefficients, while negative, do not closely approach -ve 1. The slope of the regression line can be thought of as giving information about ventricular contractility. An endocardial target that is hypercontractile will have a slope greater than 1, and hypocontractility will be reflected in reductions in slope. Thus, a ray in which motion is identical to normal composite ray motion will have a linear regres-120 sion plot with both a slope and correlation coefficient of 1. In the second step of the analysis either correlation coefficients or slopes of individual rays may be combined into a single plot. The composite plots of either correlation coefficient or slope identify the abnormal motion of regions in that both parameters deviate from unity in abnormal rays. However, the composite correlation plots, being relatively uninfluenced by overall changes in left ventricular contractility, appear to allow better discrimination between normal and abnormal. Therefore, they, and not the composite slope plots, were used in subsequent efforts to correlate the extent of abnormal wall motion with the circumferential extent of infarction/reduced blood flow.
Although visual inspection of the correlation plots easily identified the abnormal portions of the ventricle, a more objective means of identifying abnormal radii was needed. Two methods were used, one based on statistically defined 95% confidence limits and one empirically developed in an attempt to compensate for the fact that echocardiographically defined abnormal wall motion tends to overestimate the pathologic extent of infarction.
Both methods provided good correlation with the TTC-defined extent of infarction (r = .87 for the 95% confidence limits and r = .78 using the more empiric approach of the full width at half max). In agreement with previous echocardiographic studies correlating abnormal wall motion with histologic infarction, the 95% confidence limits in some cases overestimated the pathologic extent of infarction.2 3 5-7 14 Selecting the extent of abnormal wall motion with the full width at half max, on the other hand, tended to underestimate the extent of infarction and yielded a somewhat lower overall correlation. Of these two methods, therefore, the 95% confidence limits approach seems preferable, although the differences were not significant in the present study.
Abnormal wall motion defined by reduced end-systolic endocardial excursion. In contrast to that defined with the correlation methods, the relationship between abnormal wall motion as defined by end-diastolic to end-systolic endocardial excursion of less than 0.20 end-diastolic radius and the TTC-defined extent of infarction was poor. This may relate to (1) our selection of 0.20 to separate normal from abnormal, (2) failure of any arbitrary end-systolic reference to accurately define abnormal motion, (3) the high resolution between spatial sampling points, or (4) the decision not to include control points that might artificially improve the correlation.
CIRCULATION
The process by which a cutoff of 0.20 was selected has been fully described in Methods. Thus, although no single value provided a significant correlation with the extent of TTC-defined infarction, the best appeared to be 0.20.
There are several explanations for the apparent inability of any single end-systolic cutoff to distinguish normal from abnormal. The observed range in control fractional change is broad, and when the lower end of the range is selected as a cutoff, there is a risk that the extent of ischemic dysfunction will be underestimated. For example, a ray with a control fractional change of 0.50 could have a significant reduction in contraction without being identified as being abnormal by the 0.20 cutoff. Similarly, a global reduction in left ventricular contractility could result in an overestimation of the extent of infarct-induced abnormal wall motion and a global increase in contractility could result in underestimation of the same parameter. Finally, it has been shown that there is important spatial and temporal heterogeneity of wall motion within infarct regions and that maximal dyskinesis occurs relatively early in systole.9 As demonstrated in one animal in our series, by end-systole even radii that demonstrate early dyskinesis may demonstrate more normal systolic motion. Thus, if only end-systole is examined, the extent of abnormal wall motion may be inaccurately estimated.
The third potential explanation for the poor correlation between reduced systolic excursion and TTC-defined infarction relates to the high resolution achieved by division of the ventricle into 10 degree segments. Thus, what might be considered relatively small discrepancies between abnormal wall motion and the pathologic extent of infarction (e.g., 30 degrees) are translated into major reductions in the correlation between the two measurements. Coarser subdivision of the ventricle would tend to minimize the discrepancies and improve the correlation. Such larger subdivisions, however, might not be sensitive enough to detail fine changes in the extent of abnormal motion that occur either spontaneously over time or in response to interventions.
Finally, all our data points are from animals in which there is pathologic infarction. If an equal number of points at or near the origin (with no pathologic infarction and normal wall motion) were included to represent the control situation, the linear correlation would be significantly improved. Applying this approach to our systolic excursion data for example, the correlation coefficient is improved to for control periods and that the cutoff point was established so that in the control period no abnormalities of wall motion would be considered to be present.
We conclude, therefore, that no single value for endocardial excursion adequately distinguishes normal from abnormal wall motion. Similarly, even when the radial heterogeneity in control fractional excursion was taken into consideration by computing the 95% confidence limits for the normal fractional radial change of each radius and defining as abnormal rays falling outside those limits, no significant correlation (r = .54, p = NS) between the circumferential extent of reduced wall motion and the TTC-defined extent of infarction was found.
Abnormal wall motion defined by the maximum extent of dyskinesis. When the single systolic point used to define the extent of abnormal wall motion was the point of maximal dyskinesis, similar difficulties were encountered. Again the correlation with the TTC-defined extent of infarction was poor (r = .32, p = NS). The comments made in the preceding paragraphs concerning the high spatial resolution of this analysis and the decision not to incorporate control data points may also be relevant in explaining the poor correlation between this estimate of the extent of abnormal wall motion and the extent of infarction. Another possible contributor is the fact that not all rays that are dyskinetic demonstrate dyskinesis at the same time.9 This could result in an underestimation of the overall extent of abnormal wall motion in some cases. The fact that this was observed in only a few cases, however, suggests that this bias towards underestimation of the extent of abnormal wall motion is compensated for by the fact that the extent of abnormal wall motion characteristically extends beyond the pathologic limits of infarction.
Correlation between the extent of abnormal wall motion and blood flow. The analysis of the correlation between the extent of abnormal wall motion and the extent of reduction in flow again revealed that the correlation method with 95% confidence limits analysis once again was the best predictor. This is not surprising considering the close correlation between the extent of infarction and reduction in flow (r = .85).
Comparison with other methods of estimating the extent of abnormal wall motion. Although several previous studies have successfully correlated a visual assessment of the extent of abnormal wall motion with the pathologic extent of infarction,2-it is apparent that if the extent of abnormal wall motion is to be used to trace the mechanical sequelae of ischemia, it must be quantitated in a way that is both objective and has high spatial resolution. The visual assessment of the extent 121 of abnormal wall motion may be significantly limited on both accounts. The identification of subtle abnormalities in wall motion may be quite subjective and, even among trained observers, a concensus opinion is frequently required to categorize wall motion. Furthermore, it may be difficult for the trained eye and impossible for the untrained observer to achieve the spatial resolution obtainable with more quantitative methods.
Although the role of visual assessment may, therefore, be limited, we believe that the success of the correlation plot analysis is in part derived from its ability, like that of the eye, to time integrate the evaluation of systolic wall motion. The correlation plot therefore appears to combine "the best of both worlds" and provides an objective, high-resolution method of analyzing radial wall motion that " sees" the entire course of systolic motion and integrates it into one linear plot.
The major alternative to measurements of endocardial excursion for the echocardiographic assessment of abnormal wall motion has been the assessment of wall thickening.7 15-17 This approach has several potential advantages -it is independent of a defined center of reference and is relatively uninfluenced by translation or rotation. However, it is limited by major difficulties in defining the epicardium around the full circumference of the ventricle, particularly the lateral wall and the junction between the interventricular septum and right ventricular free wall. Less importantly, it is more difficult to relate to other commonly used methods of analysis of radial wall motion, e.g., nuclear or contrast angiography.
Although the correlation plot appears to be a valuable new method for quantitative wall motion analysis it has one major disadvantage -the need for field-byfield endocardial digitization. When done manually, as for this study, this task is extremely time-consuming and tedious and the widespread application of correlation-type analysis would therefore be difficult. The fact that failure to consider the entire systolic contraction sequence may result in misinformation, however, underlines the importance of developing efficient automatic edge-detection systems that will streamline this analysis.
In summary, we have presented a new approach to the quantitation of echocardiographically recorded regional wall motion that is unique in its ability to integrate movement throughout the entire systolic contraction sequence. This method appears to be superior to two other quantitative methods that examine only the two end points in the contraction sequence as a means of correlating abnormal wall motion with either the pathologic extent of infarction or the extent of abnormal blood flow.
